The objective of this study was to characterize the role of membrane potential and cyclic nucleotides in endothelium-dependent dilation of cerebral arteries. Mid dle cerebral arteries isolated from cats were depolarized and constricted in response to serotonin or when sub jected to transmural pressures >50 mm Hg. Acetylcho line (ACh) and ADP caused vasodilation and a sustained, dose-dependent hyperpolarization of up to 20 m V in this artery. The membrane potential change preceded the va sodilation by -6 s. Hyperpolarizations and dilations to ACh and ADP did not occur in preparations without en dothelium. The hyperpolarizations were abolished by ouabain (10-5 M), which also blocked the dilator re sponse to ACh. However, dilations to ADP were unaf fected by ouabain. Methylene blue (5 x 10-5 M), a gua-
Vasodilation in response to many agents occurs through release of a factor or factors from the vas cular endothelium (Furchgott, 1983) . However, the mechanisms by which such endothelial factors cause vasodilation have not been fully elucidated. In the aorta (Rapoport and Murad, 1983) , pulmo nary artery (Ignarro et al., 1987) , and coronary ar tery (Holzmann, 1982) , among others, endothelium dependent vasodilation is associated with increased formation of cyclic guanosine monophosphate (cGMP) . Changes in cGMP may lead to phosphor ylation and altered function of proteins involved in the mechanisms of contraction and relaxation (Rap oport et aI., 1982) . In addition, several laboratories nylate cyclase inhibitor, had no effect on the responses to ACh or ADP in the presence or absence of ouabain. Cy clic guanosine monophosphate (cGMP) levels were not altered in cerebral arteries exposed to ACh or ADP. However, ADP did increase cyclic adenosine monophos phate levels in these blood vessels. We conclude that although membrane hyperpolarizations may be adequate to cause vasodilation, at least one other pathway of en dothelium-dependent vasodilation also is present in feline cerebral arteries. Cyclic GMP does not appear to be in volved in this alternate pathway of dilation. Key Words: Endothelium-dependent vasodilation-Membrane poten tial-Cyclic nucleotides-Acetylcholine-Adenosine diphosphate-Ouabain.
have reported a hyperpolarization of vascular smooth-muscle cells, which also appears to be caused by a factor released from the endothelium (Bolton et al., 1984; Bolton and Clapp, 1986; Mekata, 1986; Komori and Suzuki, 1987; Feletou and Vanhoutte, 1988) . In cases in which tissues were exposed to cholinergic agonists for several minutes or more (Komori and Suzuki, 1987; Feletou and Vanhoutte, 1988) the hyperpolarization was noted to be a transient response.
Whether the membrane hyperpolarization repre sents an inhibitory mechanism distinct from, and perhaps complementary to, that involving cGMP is not known. The objective of the present study was to study endothelial-ceIl-mediated vasodilation and associated membrane potential changes in pressur ized feline cerebral arteries in vitro and to evaluate the role of cGMP as a mediator of these responses. Moreover, because the endothelium may synthe size more than one type of endothelium-derived re laxing factor and the type of relaxing factor released may depend on the agonist used to elicit the vasodi-lation (De Mey et aI., 1982; Singer and Peach, 1983; Bolton and Clapp, 1986) , these studies compared the actions of two distinct endothelium-dependent vasodilators, namely acetylcholine (ACh) and ADP. A preliminary account of these observations has been reported (Brayden, 1988) .
METHODS
Male mongrel cats (2-3 kg) were killed by intraperito neal injection of sodium pentobarbital (35 mg/kg) fol lowed by exsanguination. The brain was removed and middle cerebral arteries with lumen diameters in situ of 300-400 fLm were then isolated and prepared for study as follows. Excised arteries were initially placed in a dissec tion dish containing physiological salt solution of the fol lowing composition (in mM): NaCl, 118.5; KCI, 3.0; KH2P04, 1.7; MgS04, 1.16; NaHC03, 22.5; disodium ethylenediamine tetraacetic acid, 0.023; CaCI2, 1.6; glu cose, 11.0; HEPES, 5. The pH of the buffer was 7.4 ± 0.05 and the solution was maintained at 37°C and gassed with 95% O2/5% CO2, Extraneous connective tissue was gently removed and a segment of artery � 3 mm in length was transferred to a myograph (working volume: 6 mI). Arteries were then cannulated and pressurized using methods described by Halpern et al. (1984) . One end of the artery was cannulated with a glass micropipette and was tied in place with monofIlament nylon suture mate rial. The pipette was filled with physiological salt solution and was connected to a reservoir that could be pressur ized. Blood was flushed from the lumen of the artery and the opposite end was tied to a sealed cannula, thus block ing flow through the artery. The myograph was placed on a microscope stage and the artery was observed through a stereo-microscope that was equipped with a television camera and monitor; lumen diameters were measured us ing a calibration bar on the television monitor. Final mag nification of this system was x 210 and the resolution was ±3 fLm.
Diameter and membrane potential were measured si multaneously. Membrane potential was recorded using intracellular microelectrodes that were filled with 0.5 M KCI and had tip resistances of 8�120 MO. Voltage was recorded with a WPI electrometer and signals were dis played and stored using a desk-top computer, a 12-bit A-D board, and a digital oscilloscope program. The fol lowing criteria for acceptance of membrane potential re cordings were used: (a) an abrupt change in potential on impalement of cells, (b) a stable membrane potential for at least 3 min before experimental manipulations, (c) a maintained impalement throughout the experimental pro tocol, (d) an unchanged tip resistance before and after impalement, and (e) a tip potential of <7 mV. Prepara tions were superfused with physiological salt solution at a rate of 3 mllmin and drugs were added via the superfu sate. In several experiments the latency between the ini tiation of the hyperpolarization (membrane potential change of > I m V) and the onset of vasodilation (first detectable increase in diameter) was determined using a stopwatch. In some preparations the endothelium was re moved by passing a stainless-steel cannula (external di ameter: 400 fLm) through the lumen of the artery. Re moval of the endothelium was confirmed histologically using the silver staining method (Poole et al., 1958) .
Ring segments of aorta were isolated from several cats for studies of the effects of ACh, ADP, and methylene blue on vascular tone in an extracerebral artery. Arterial segments were mounted for isometric recording of force as described previously (Brayden and Bevan, 1985) .
Cyclic adenosine monophosphate (cAMP) and cGMP were measured in pooled samples of feline basilar, mid dle, anterior, and posterior cerebral arteries. Cyclic nu cleotides were also measured in the feline thoracic aorta. Tissues were isolated, quickly blotted, weighed, and sep arated into 5-mg samples. Samples were placed in 10.0 ml of warmed physiological salt solution and were allowed to equilibrate for I h. Cerebral arteries were then con stricted by addition of serotonin (0.1 fLM) and aortic sam ples were constricted using norepinephrine (0.5 fLM). Five minutes after the tissues were constricted, they were exposed to ACh (10 fLM) or ADP (10 fLM) and 60 s later they were frozen in liquid nitrogen. Tissues were then homogenized in 6% trichloroacetic acid, and after centrif ugation the supernatant was washed four times in water saturated diethyl ether to remove the trichloroacetic acid. Samples were briefly heated to 80°C to evaporate remain ing traces of ether and were then lyophilized. Cyclic AMP or cGMP were measured in the lyophilized material using immunoassay kits obtained from Amersham Corporation (Arlington Heights, IL., U.S.A.). All drugs were pur chased from Sigma Chemical Company (St. Louis, MO, U.S.A.). Data are presented as means ± SEM and were analyzed for statistical significance using analysis of vari ance and the Neuman-Keuls test for individual compari sons. Data were considered to be significantly different at p < 0.05.
RESULTS

Pressure-induced responses
At a transmural pressure of 5 mm Hg, middle cerebral arteries had an average diameter of 402 J.1m and a resting membrane potential of -63 m V ( Fig.  1 ). Preparations depolarized when pressure was in creased. At a transmural pressure of 50 mm Hg, Effects of transmural pressure on membrane poten tial and internal diameter of isolated, feline middle cerebral arteries. Arteries were prepared for study and were allowed to equilibrate at 37°e and a transmural pressure of 5 mm Hg for 30 min before membrane potential and diameter were measured. Pressure was then increased to 50 mm Hg and diameter and membrane potential were recorded 10 min later. Pressure was then increased to 100 mm Hg and record ings were made after 10 min (n = 14).
membrane potential averaged -48 m V and diame ter increased to �450 f.Lm. At 100 mm Hg pressure cerebral arteries depolarized to -42 m V and had an average diameter of 380 f.Lm, thus clearly demon strating a vasoconstrictor response as pressure was elevated from 50 to 100 mm Hg.
Effects of acetylcholine on membrane potential and diameter
Exposure of pressurized (100 mm Hg), con stricted arteries to exogenous ACh hyperpolarized and relaxed the vascular smooth-muscle cells. An example of the time course and magnitude of hy perpolarization and vasodilation in response to ACh is shown in Fig. 2 . In this experiment, ACh (10-5 M) caused a maximum hyperpolarization of 19 mY. The membrane potential subsequently depolarized somewhat, but a sustained hyperpolarization of � 13 m V from the initial membrane potential was observed throughout the exposure to ACh, in this case for 9 min. This type of response was seen in three of six experiments. In the other three exper iments, hyperpolarizations were maintained near the peak of the response, i.e., no secondary depo larization was observed. In the example shown in Fig. 2 the artery began to dilate 7 s after the hyper polarization was initiated and internal diameter in creased by 22% during the ensuing 2 min. The av erage latency for onset of the dilation after initiation of the hyperpolarization was 6 ± 1 s (8 arteries, 20 cells). After removal of ACh, diameter and mem brane potential returned to their initial values.
Membrane hyperpolarizations and vasodilations in response to ACh were dose-dependent (Fig. 3 ). The threshold concentration was � 10 nM ACh and maximal dilations and hyperpolarizations were achieved at 10 f.LM ACh. Preparations without en- Original records of internal diameter and membrane potential before and during application of acetylcholine (ACh, 10-5 M) to a middle cerebral artery pressurized to 100 mm Hg. ACh, applied via the superfusate, reached the arte riograph at the time indicated by the arrow and remained in the superfusate throughout the recording illustrated. 
A � erage m � mbrane po�ential and percentage in crease In Internal diameter of mIddle cerebral arteries in re sponse to increasing concentrations of ACh. Arteries were pressurized to 100 mm Hg 30 min before addition of ACh. Initial diameters ranged from 345 to 415 IJ.m. Values are means ± SEM from six experiments. 'Significantly different from the value at 10-8 MA Ch. dothelial cells did not depolarize or contract in re sponse to pressurization. However, serotonin (0. 1 f.LM) depolarized and constricted both intact and de endothelialized arteries held at low pressure (5 mm Hg) and resultant membrane potentials and diame ters were nearly identical to those observed in in tact arteries at 100 mm Hg (Table 1 ). In the pres ence of serotonin, arteries with endothelium hyper polarized and relaxed in response to ACh (10-5 M) whereas arteries without endothelium did not hy perpolarize or dilate in response to ACh, indicating the endothelial dependence of these responses.
Subsequent experiments were designed to deter mine whether membrane potential changes and the dilator responses were causally related. The NalK ATPase inhibitor ouabain blocked the ACh-induced Values are means ± SEM (n = 5 for all values). *p < 0. 05 versus control. Arteries were exposed to ouabain or methylene blue for 15-20 min before application of ACh.
hyperpolarizations (Table 2 ). In the presence of ouabain, ACh caused vasoconstriction rather than vasodilation.
Methylene blue (50 j.LM), a guanylate cyclase in hibitor (Gruetter et aI., 198 1; Martin et aI. , 1985) , was employed to test the role of cGMP in the dilator response. Methylene blue abolished dilations of fe line aortic ring segments to ACh; e. g. , ACh (10-6 M) caused an 80 ± 6% reduction of norepinephrine induced tone in control samples but did not relax norepinephrine-contracted aortic segments in the presence of methylene blue (n = 5). However, in experiments run in parallel, methylene blue had no effect on ACh-induced membrane hyperpolariza tions or vasodilation of pressurized cerebral arteries ( Table 2) . ished by removal of endothelial cells (data not shown). ADP-induced hyperpolarizations were blocked by ouabain; however, dilation to ADP was maintained after inhibition of the sodium pump ( Fig. 6 ). Subsequently, a number of possible inhib itors of the membrane potential-independent dila tion to ADP were tested (Fig. 7) . Methylene blue, 8-phenyltheophylline (a PI purinoceptor antagonist) and indomethacin (a cyclooxygenase inhibitor) were without effect on the ADP-induced dilation in the presence of ouabain.
Effects of ACh and ADP on cyclic nucleotide levels in cerebral arteries and the aorta
The lack of effect of methylene blue on responses to ACh or ADP suggested that elevations of cGMP do not occur in association with endothelium dependent vasodilation of cerebral arteries. To fur- ther test this hypothesis, cyclic nucleotide levels in control, ADP-stimulated, and ACh-stimulated cere bral arteries and aortae were measured (Table 3) . Although ACh increased the levels of cGMP in the aorta, neither ACh nor ADP affected the cGMP content of the cerebral arteries. ADP did increase the formation of cAMP in the cerebral arteries of the cat.
DISCUSSION
The depolarization and constriction of cerebral arteries observed in these experiments in response to elevation of transmural pressure, and the endo thelial cell-dependence of these responses, are sim ilar to those reported by Harder (1984 Harder ( , 1987 . De polarization of arterial smooth muscle to a mem brane potential of � -45 m V is sufficient to activate potential operated calcium channels and cause con traction in many arteries (Droogmans et aI. , 1977; Mulvany et aI., 1982; Bolton et aI., 1984) . Such channels may be activated to some extent in cere bral arteries pressurized to 100 mm Hg because the vascular smooth-muscle cells are depolarized to � -40 m V at this pressure and the pressure induced contraction is abolished by inhibitors of po-tential-dependent calcium entry (Lombard et aI., 1986) . If potential dependent-calcium channels are open in this preparation, then conversely, the mem brane hyperpolarizations observed in the present study should close some of these channels and cause vasodilation. This would represent a direct mechanism of vasodilation induced by altering cal cium flux into the vascular smooth-muscle cells.
Other investigators have noted that substances released from the vascular endothelium in response to addition of ACh cause hyperpolarizations of 5-10 m V in smooth-muscle cells of extracerebral arter ies. Although nitric oxide has recently been impli cated as one type of endothelium-derived relaxing factor (Palmer et aI. , 1987) , the factor responsible for membrane hyperpolarization, now termed endo thelium-derived hyperpolarizing factor, apparently is not nitric oxide (Taylor and Weston, 1988) . The hyperpolarization caused by endothelial factors has been described as transient in extracerebral arteries (Komori and Suzuki, 1987; Feletou and Vanhoutte, 1988) , lasting no longer than 3-4 min during contin uous application of ACh. In contrast, in our study ACh caused sustained hyperpolarizations of 20 m V or more. The reasons for such differences are not clear. The cerebral circulation has many unique fea tures presumably associated with the complexity of regulation of blood flow in the brain (Kontos, 198 1; Busija and Heistad, 1984) . It is possible that vascu lar endothelial cell factors and endothelial function are also unusual in comparison to that observed for the extracerebral circulation. The larger magnitude of hyperpolarization observed in the present study may occur simply because the resting membrane potential at high pressure is farther from the equi librium potential for ions involved in the membrane potential change and therefore a greater hyperpo larization is possible.
Ouabain abolished the hyperpolarizations in re sponse to ACh and ADP in this study. Ouabain also blocks endothelium-dependent hyperpolarization in canine coronary arteries (Feletou and Vanhoutte, 1988) . These findings raise the possibility that the (5) Aorta cAMP 84 ± 9 (7) 178 ± 19* (7) 107 ± 21 (7) Cerebral arteries cGMP 110 ± 24 (7) 141 ± 50 (7) 112 ± 32 (7) cAMP 145 ± 25 (7) 226 ± 69 (7) 255 ± 33* (7) Values are means ± SEM and the units are fmol/mg tissue wet weight. Numbers in parentheses are the number of observations in each case. Tissues were frozen 60 seconds after addition of ACh or ADP. *p < 0.05 versus control. cGMP, cyclic guanosine monophosphate; cAMP, cyclic adenosine monophosphate.
hyperpolarization is caused by activation of the so dium pump. Activation of the sodium pump can cause membrane hyperpolarizations of 10-20 mV (Bonaccorsi et aI., 1977; Fleming, 1980) and vasodi lation (Webb and Bohr, 1978; Anderson et aI. , 1983) in a number of arteries in vitro and involvement of the sodium pump in vasodilation in vivo has been suggested (Murray and Sparks, 1978; Robinson et aI. , 1983) . However, because of the probable changes in ion distribution and ion conductance af ter exposure to ouabain for more than a few min utes, these experiments must be interpreted with caution. Substantial additional experimentation, such as direct measurement of the effects of endo thelium derived relaxing factor on Na/K ATPase activity, is required to clarify the role of the sodium pump in the membrane potential changes observed in this study.
An increase in potassium conductance is a sec ond possible ionic mechanism underlying the mem brane hyperpolarization. Such a conductance change and resultant hyperpolarization has been re ported for smooth muscle from other vascular beds (Takata and Kuriyama, 1980; Komori and Suzuki, 1987) . Sodium pump inhibition might alter the levels of potassium adjacent to the cell membrane to an extent great enough to alter the equilibrium poten tial for potassium and thus explain the effect of oua bain on the hyperpolarizations.
In the presence of ouabain, ACh no longer dilated the cerebral arteries, and in fact caused a significant constriction under these conditions. The vasocon striction may result from activation of muscarinic receptors located directly on the smooth-muscle cells (Lee, 1982) . These findings suggest a direct link between the hyperpolarization and the dilation in response to ACh and imply that the endothelial cell-mediated response to exogenous ACh normally dominates the overall effect of muscarinic activa tion, even at high concentrations of ACh. However, when the endothelial cell response is inhibited, in this case by blocking the hyperpolarization, the constrictor effect predominates.
At a concentration that blocked endothelium dependent vasodilation in the aorta, methylene blue (50 J-LM) had no effect on the hyperpolarization and dilation caused by ACh in the middle cerebral ar teries. This suggests that cGMP does not mediate the hyperpolarization and may not be involved in vasodilator responses of feline cerebral arteries. However, because ACh caused vasoconstriction when the hyperpolarization was blocked, the pos sibility that cGMP might cause a membrane poten tial-independent vasodilation could not be tested using ACh as the agonist.
The ADP-induced, endothelium-dependent dila tion in the presence of ouabain clearly indicates that more than one inhibitory pathway can be activated by endothelial factors or that different factors can be released in response to different vasodilator sub stances, a finding that supports previous observa tions by others (De Mey et aI., 1982; Singer and Peach, 1983; Bolton and Clapp, 1986) . Selective blocking effects of ouabain on endothelium dependent vasodilation induced by some agents, but not others, has been observed. For instance, Rubanyi and Vanhoutte (1985) found that ouabain abolished the endothelium-dependent vasodilation caused by arachidonic acid but not the endotheli um-dependent relaxations in response to other fatty acids, ADP, or thrombin in the canine coronary ar tery.
Regardless of the explanation for the differential effects of ouabain on the actions of ACh and ADP, cGMP seemed a likely mediator of the ADP induced, membrane potential-independent dilation. However, the lack of effect of methylene blue on ADP-induced dilations in the presence of ouabain would argue against such a role for cGMP in cere bral arteries. This probable lack of involvement of cGMP was confirmed by direct measurement of cGMP levels in this tissue: ACh and ADP do not increase cGMP in feline cerebral arteries. Prelimi nary reports by Furchgott and colleagues (1986) and by Rivers and Duling (1986) indicate that cGMP also may not be the mediator of dilation in the mes enteric resistance vasculature and in hamster cheek pouch arterioles, respectively. In contrast, Watan abe and colleagues (1988) recently reported that methylene blue does inhibit ACh-and bradykinin induced, endothelium-dependent vasodilation of ce rebral arterioles (30 J-Lm diameter) in the mouse in vivo. This suggests the possibility of species differ ences or differences related to arterial size with re spect to the role of cGMP in endothelium dependent dilation of cerebral arteries.
The measurements of cyclic nucleotides were made at only one time point after addition of ACh or ADP because of the limited amount of cerebral ar tery available from each animal. Others have shown that peak levels of cGMP occur in the aorta when the dilation has reached � 75% of its maximum am plitude (Rapoport and Murad, 1983) . Cyclic GMP levels then decline during the subsequent 60-120 s period. In the present experiments, tissues were frozen 60 s after addition of ACh or ADP, which corresponds to the time at which the aorta and ce rebral arteries have dilated to �75-90% of maxi mum (unpublished observations). Therefore, cyclic nucleotide changes should be near maximal at this 1. E. BRAYDEN AND G. C. WELLMAN time point if these compounds are mediators of the physiological responses. However, it is possible that the time course of changes in cGMP in cerebral arteries is more rapid than in other arteries and that levels have returned to baseline by 60 s after addi tion of ACh or ADP. Additional studies of the time course of formation of cyclic nucleotides and the effects of phosphodiesterase inhibitors and methyl ene blue on cyclic nucleotide production are re quired to clarify this issue.
Other potential inhibitors of the dilator response, namely indomethacin and 8-phenyltheophylline, had no effect on the dilator response to ADP. This would argue against the involvement of cyclooxy genase products or of PI purinoceptors in the mem brane potential-independent dilator response to ADP. The direct measurements of cyclic nucle otides indicated an elevation of cAMP in response to ADP in the cerebral arteries, raising the possibil ity that cAMP plays some role in the membrane potential-independent dilation. Endothelium dependent elevation of cAMP apparently does not occur in the aorta of the rabbit (Martin et aI., 1985) and rat (Rapoport and Murad, 1983) , but has been reported in bovine intrapulmonary arteries (Ignarro et aI. , 1985) .
In conclusion, these experiments demonstrate that (a) a substance released from the endothelium of cerebral arteries causes a pronounced, sustained hyperpolarization that may be of sufficient magni tude to close potential dependent calcium channels and cause vasodilation; (b) ouabain can abolish the ACh-and ADP-induced hyperpolarization, suggest ing a possible role for the sodium pump as a medi ator of the hyperpolarizations; (c) dilation to ACh does not occur in the absence of membrane poten tial changes, implying a causal relationship between the hyperpolarization and vasodilation; (d) ADP does relax the cerebral arteries in the absence of membrane potential changes, clearly indicting an as yet to be elucidated second mechanism of endothe lium-dependent vasodilation in this vascular bed; and (e) cGMP does not appear to be a mediator of ACh-and ADP-induced, endothelium-dependent vasodilation of large cerebral arteries of the cat.
